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I  INTRODUCTION 


A.  Background 

The  ever  increasing  demand  for  higher  turbine  inlet  temperature  in  gas 
turbines  has  created  an  extensive  Interest  in  using  ceramic  materials  to 
protect  airfoil  surfaces.  During  the  past  decade,  a  concentrated  effort 
was  devoted  to  developing  ceramic  thermal  barrier  coatings  to  improve 
turbine  durability  by  reducing  metal  temperatures,  and  to  improve  thermal 
efficiency  by  allowing  operation  at  higher  firing  temperatures  and  with 
less  cooling  air. 

Stabilized  zlrconia  (ZrOj-YjO^/MgO/CaO)  has  evolved  as  a  prime 

candidate  for  such  use,  principally  because  its  thermal  conductivity  is 
1—3 

low,  and  its  coefficient  of  thermal  expansion  is  relatively  close  to 
that  of  superalloys . *  * ^ * 6  * ^  Various  techniques  have  been  used  to  apply 
ceramic  coatings  Including  plasma  spraying,^  sputtering,6  and  electron  beam 
physical  vapor  deposition. ^  Each  of  these  techniques,  however,  has  several 
limitations. 

Plasma  spraying  can  lead  to  variable  coating  thickness,  bare  spots, 
pinholes,  and  microcracks,  all  of  which  contribute  to  catastrophic 
failure.  Sputtering  is  expensive  and  limited  to  line  of  sight.  Electron 
beam  physical  vapor  deposition  is  expensive,  limited  to  line  of  sight,  and 
tends  to  vary  coating  composition  because  of  the  different  vapor  pressures 
of  the  constituent  elements.  Unlike  metallic  coatings,  ceramic  coatings 
are  not  self-healing,  and  once  cracked  or  spalled,  cannot  be  replenished 
from  elements  in  the  substrate.  Thus  it  is  very  important  to  have  a 
reliable  method  to  produce  a  high  quality  ceramic  coating  for  proper 
substrate  protection. 

In  response  to  this  need  for  improved  coatings,  SRI  International 
developed  a  new  approach,  radically  different  from  contemporary  processing, 
that  provides  a  cerium  oxide-base  thermal  barrier  coating  for  superalloys. 

O  Q 

The  idea  was  stimulated  by  an  earlier  program  at  SRI  >  that  studied  the 
rapid  selective  internal  oxidation  of  rare-earth  cobalt  alloys  at  rela¬ 
tively  modest  temperatures.  Cerium  oxide  (CeOj)  was  chosen  because,  in 
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addition  to  Its  high  thermodynamic  stability.  It  has  a  relatively  high 
coefficient  of  thermal  expansion  and  a  very  low  thermal  conductivity 
compared  with  most  other  oxides. 


Table  1  shows  a  comparison  of  some  of  the  properties  of  cerla  (CeC^) 
and  stabilized  zlrconla  (ZrC^). 

From  the  coating  standpoint,  the  most  important  properties  of  a 
thermal  barrier  oxide  are: 

*  Coefficient  of  thermal  expansion,  which  determines  the 
coating/substrate  adhesion. 

*  Thermal  conductivity,  which  determines  the  insulating 
performance  of  the  coating. 

*  Free  energy  of  formation,  which  determines  the  stability  of 
the  coating  at  temperature. 

The  properties  shown  in  Table  1  indicate  that  cerla  has  a  closer  coeffi¬ 
cient  of  thermal  expansion  to  that  of  superalloys  (*  18  x  10  / °i C)\  A 

second  advantage  is  that  the  thermal  conductivity  of  cerla  is  about  50Z 
less  than  that  of  zlrconla. 

The  new  approach  was  developed  during  the  first  year  of  the  program1^ 
and  is  based  on  coating  superalloys  with  low-melting  alloys,  rich  in 
cerium,  and  then  heat-treating  to  develop  a  graded  oxide  layer  as  a  thermal 
barrier.  The  current  report  describes  progress  during  the  second  year  and 
emphasizes  the  optimization  of  the  coating  procedure  and  preliminary 
evaluation  of  coated  superalloys. 

B.  Objectives 

The  overall  objective  of  this  program  is  to  develop  a  duplex  cerium 
oxide-based  thermal  barrier  coating  for  superalloys  by  a  hot-dip  coating 
process.  The  coating  must  be  uniform,  crack  free,  and  adherent  to  under¬ 
lying  substrates  for  Improved  protection. 

The  first  year  objectives  were  to: 

(1)  Determine  whether  the  dip  coating  process  can  be  applied 
successfully  to  produce  reasonably  uniform  and  adherent 
coatings. 
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Table  1 


PROPERTIES  OF 

CERIA  (Ce02)  AND 

STABILIZED 

ZIRCONIA  (Zr02) 

Property 

Stabilized 

Zirconla 

Reference 

Ceria 

Reference 

Crystal  structure 

Cubic 

10 

Cubic 

10,11 

Density  (g/cc) 

6.27 

10 

7.3 

10 

Melting  Point  (®C) 

2770  ±  80 

2680 

10 

12 

2341 

1 

0 

tG  at  1100°C 
(Kcal/mole) 

-199.7 

12 

-194.3 

12 

Dissociation  pres¬ 
sure  at  1100°C  (atm) 

1.64  x  10"32 

12 

5.54  x  10~31 

12 

Diffusion  coefficient 
of  oxygen  at  1100 °C 
(cm2 /sec) 

9.99  x  10"8 

13 

5  x  10-8 

13 

Coefficient  of 
thermal  expansion 
(/°C) 

10  x  10~6 
(at  1000'C) 

12  x  10”8 

8  x  IQ"* 

15.17  x  10-6 
(at  1100#C) 

4 

5 

2 

1 

12.3  x  10"6 
(20-1020oC) 

17.14  x  10-6 
(at  1100°C) 

14 

1 

Thermal  conductivity 
cal/cm  sec  °C 

4.75  x  10"3 
(at  1100°C) 

5.5  x  10-3 
(at  1000°C) 

1 

2,3 

2.07  x  10-3 
(at  1100°C) 
86-92Z  dense 

1 

(2)  To  characterize  the  coating  chemistry,  microstructure  and 
uniformity. 

The  second  year  objectives  are  to: 

(1)  Optimize  processing  conditions  and  properties  of  the  dip 
coating  on  IN738. 

(2)  Evaluate  thermal  oxidation  resistance  of  the  optimized 
coating  under  static  and  thermal  cycling  conditions  and 
determine  whether  hot  strength  is  degraded. 

(3)  Using  the  optimized  dip  coating  system  for  IN738  to  develop 
to  a  promising  stage  dip  coatings  for  other  superalloys, 
with  primary  emphasis  on  nickel-base  alloys. 

The  third  year  objectives  are  to: 

(1)  Modify  the  coating  melt  composition  in  order  to  obtain  an 
outer  cerium  oxide  continuous  layer  which  contains  no 
metallic  constituents  (mainly  nickel  and  cobalt). 

(2)  Determine  the  mechanism  of  internal  oxidation  during  Step  3 
of  the  dip  coating  process. 

(3)  Study  the  resistance  of  the  coating  to  hot  corrosion  by 
molten  sulfate  deposits. 

(4)  Evaluate  the  hot  strength  of  dip-coated  alloys. 

C.  Summary  of  Work:  Year  1 


The  first  year  of  the  current  project  established  a  four  step  process 
for  the  application  of  the  new  coating  as  follows: 

(1)  The  cerium-containing  alloys  are  fused  onto  superalloys  by 
dipping  the  superalloy  into  the  coating  melt. 

(2)  The  dipped  samples  are  then  annealed  in  pure  argon  to 
develop  a  metallurgical  bond  between  the  cerium-rich  surface 
layer  and  the  substrate. 

(3)  Cerium  is  then  selectively  oxidized  at  low  oxygen  activity 
producing  a  cerium  oxide-rich  outer  scale,  and  an  inner 
subscale  containing  dispersed  cerium  oxide  in  an  alloy 
matrix  of  the  other  elements:  Co,  Ni,  and  Cr. 

(4)  Finally,  the  coated  samples  are  annealed  at  high  temperature 
to  convert  the  submicron  internal  oxide  particles  into 
larger  particles,  which  offers  further  protection  by  slowing 
the  inward  diffusion  of  oxygen  into  the  substrate  (blocking 
effect). 
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The  most  significant  results  of  the  first  year's  work  Include: 

(1)  Step  1  (hot-dipping)  and  Step  3  (Internal  oxidation)  are  the 
most  critical  steps  in  determining  the  coating  quality. 
Proper  hot-dipping  is  obtained  on  nickel-base  and  cobalt- 
base  alloy  substrates  by  ueing  relatively  low  melting  Ce-Co 
coating  alloys.  These  melts  provide  the  best  wetting,  the 
best  adhesion,  and  a  uniform  Cet^  coating  layer. 

(2)  Internal  oxidation  in  a  low-oxygen-activity  atmosphere 
provides  an  external  Ce-rlch  layer  and  a  subscale  composite 
layer  of  Ce02  in  the  residual  substrate. 

(3)  The  coating  microstructure  and  composition  are  critically 
dependent  on  the  substrate  composition.  Preliminary  results 
showed  that  the  coatings  on  the  cobalt-base  alloy  MAR-M509 
are  thinner  than  those  on  the  nickel-base  alloy  IN-738. 

(4)  Complete  conversion  of  metallic  cerium  into  cerium  oxide  was 
not  achieved  during  the  first  year  program  because  of  the 
low  internal  oxidation  temperature  and  the  relatively  short 
Internal  oxidation  treatment. 

The  major  limitations  for  the  development  of  this  coating  were: 

(1)  The  use  of  coating  melts  with  a  high  cerium  content, 
although  beneficial  for  proper  substrate  surface  wetting  and 
coverage,  limits  the  internal  oxidation  temperature  (Step  3) 
to  below  45Q*C.  At  these  temperatures,  the  CeOj  growth  rate 
is  fairly  slow,  and  this  leads  to  an  incomplete  conversion 
of  metallic  cerium  to  Ce(>2  in  the  surface  zone. 

(2)  Hot-dipping  the  nickel-base  alloy  IN738  Into  Ce-Co  melts 
produces  a  thick  interaction  zone  at  the  substrate  surface, 
within  which  oxidation  will  occur.  This  reduces  the 
remaining  cross  section  of  the  substrate  and  degrades  its 
load-bearing  capacity. 

(3)  The  outer  Ce02  scale  formed  on  the  nickel-base  substrate  was 
fairly  incoherent  and  contained  cracks. 


D.  Summary  of  Work:  Year  2 

To  Improve  the  coating  quality,  we  directed  a  second  year  effort  to 
study  the  proper  combinations  of  coating  and  substrate  alloy  compo¬ 
sitions.  It  was  also  necessary  to  optimize  the  processing  conditions  for 
the  four-step  coating  process  to  produce  thin,  and  crack-free  duplex 
coatings.  The  second  year  effort  also  Included  a  preliminary  evaluation  of 
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Che  oxidation  behavior  of  optimized  coatings  under  isothermal  and  thermal 
cyclic  conditions. 

During  the  past  year,  optimization  of  the  processing  conditions  and 
evaluation  of  the  dip-process  thermal-barrier  coating  was  conducted  to 
produce  a  duplex  cerium  oxide  (CeC^)  coating  on  Ni-  and  Co-base  superalloy 
substrates.  The  most  significant  results  are: 

(1)  Of  the  five  compositions  of  the  low-melting  coating  alloys, 

Ce-30Z  Ni  performs  the  best. 

(2)  The  integrity  of  the  duplex  coating  on  cobalt-base  alloy 
substrate  (MAR-M509  and  Co-25Cr-6Al-0.5Hf)  is  superior  to 
that  on  nickel-base  alloys  (IN738  and  Ni-25Cr-8Al-lY) . 

Coatings  on  MAR-M509  in  particular  were  thin,  adherent, 
crack  free,  and  easily  reproducible. 

(3)  Hot-dipping,  annealing  and  internal  oxidation  treatment  of 
MAR-M509  produced  a  duplex  oxide  layer  that  is  very 
promising  as  a  thermal  barrier.  The  outer  scale  is  a 
continuous  protective  CeC^  layer  and  the  inner  layer  is  a 
subscale  of  Ce02  matrix  and  unoxldlzed  alloy  islands.  The 
microstructure  of  the  duplex  scale  changes  gradually  toward 
the  substrate  into  a  fibrous  Ce02  network  embedded  in  a 
matrix  of  the  substrate  alloy. 

(4)  The  outer  scale  and  the  subscale  contain  high  levels  of 
metallic  nickel  and  cobalt  Incorporated  during  the  rapid 
growth  of  Ce02.  The  presence  of  both  metals  harms  the 
coating  oxidation  resistance  and  its  adherence  to  the 
substrate. 

(5)  The  final  step,  recrystallization  annealing,  reduces  the 

Ce02  to  the  unstable  and  allows  solid  state 

interaction  between  cerium  oxides  and  other  substrate 
constituents  that  lead  to  the  formation  of  complex  mixed 
oxides;  i.e.,  O.SCI^C^-C^O-j), 0.5(06203-1.3203.(^203), 

LagWO^t  and  (Lae,  CegjWOj^*  Tungsten  oxides  in  particular 
are  volatile  at  higher  temperatures  and  their  presence  is 
considered  deleterious  to  the  coating.  Recrystallization 
annealing  has  thus  been  eliminated  from  the  coating  process. 

(6)  A  model  was  proposed  that  describes  the  mechanism  of 
oxidation  during  the  formatln  of  the  duplex  coating  and 
accounts  for  the  incorporation  of  nickel  and  cobalt  in  the 
barrier  structure.  Based  on  this  model,  approaches  were 
devised  that  should  eliminate  the  incorporation  of  unwanted 
metals  and  improve  the  performance  of  the  coating. 


II  EXPERIMENTAL 


Materials 

Table  2  shows  the  composition  of  alloy  substrates  studied  during  this 
program.  The  chemical  analyses  of  the  alloys  MAR-M509  and  IN-738  were 
provided  by  the  supplier. 

Five  coating  alloys  have  been  investigated: 


(1) 

Ce-18% 

Co 

(2) 

Ce-182 

Ni 

(3) 

Ce-30Z 

Ni 

(4) 

Ce-25% 

Co 

(5) 

Ce-15Z 

Co-9Z  Ni 

The  first  two  alloys  had  the  lowest  melting  temperatures  in  the  systems  Ce- 
Co  and  Ce-Ni,  Figs.  1  and  2.  These  compositions  were  originally  chosen  to 
allow  hot-dipping  of  the  substrates  at  temperatures  as  low  as  possible  to 
minimize  the  interaction  between  the  molten  alloy  and  the  substrate. 
However,  these  compositions  are  very  rich  in  cerium  which  leads  to 
excessive  interaction  between  the  substrate  and  the  coating  melt  during 
hot-dipping.  Also,  the  use  of  very  low  melting  point  coatings  imposes  an 
upper  limit  for  the  subsequent  internal  oxidation  temperature,  rendering  it 
too  low  for  proper  internal  oxidation  in  a  practically  short  time.  Alloys 
3,  4,  and  5  were  chosen  as  a  compromise  between  the  requirement  of  lowering 
the  cerium  content  for  proper  coating  and  of  obtaining  a  moderate  melting 
temperature. 

B.  Coating  Technique 
1.  Hot  Dipping 

Figure  3  shows  the  hot-dipping  apparatus.  It  consists  of  a  closed 
end  alumina  reaction  chamber  in  a  vertical  resistance  furnace.  The  coating 
alloy  is  placed  in  a  molybdenum  crucible  at  the  bottom  of  the  reaction 
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Table  2 


ALLOY  SUBSTRATE  COMPOSITIONS 


Elements 

MAR  M509* 
(wtZ) 

IN-738* 

(wtZ) 

NiCrAlY 
(wtZ  nomlmal) 

CoCrAlHf 
(wtZ  nominal) 

Ni 

10.30 

Bal 

Bal 

Co 

Bal 

8.37 

- 

Bal 

Cr 

23.27 

16.10 

25 

25 

A1 

- 

3.68 

8 

6 

T1 

0.19 

3.42 

- 

- 

W 

7.25 

2.68 

- 

- 

Ta 

3.18 

1.84 

- 

- 

Pe 

0.63 

0.24 

- 

- 

Mo 

- 

1.83 

- 

- 

si 

0.24 

0.07 

- 

- 

Cb 

- 

0.81 

- 

- 

Mn 

0.01 

0.007 

- 

- 

B 

0.008 

0.009 

- 

- 

Cu 

0.05 

- 

- 

- 

C 

0.59 

0.155 

- 

- 

S 

0.004 

0.003 

- 

Zr 

0.43 

0.08 

- 

- 

Pb 

- 

1.0  ppm 

- 

- 

B1 

- 

<0.3  ppm 

- 

- 

Se 

- 

<0.5  ppm 

- 

- 

Te 

- 

<  0.5  ppm 

- 

- 

Ti 

- 

<  0.5  ppm 

- 

- 

Ag 

- 

<0.5  ppm 

- 

Hf 

- 

<  0.5  ppm 

0.50 

Y 

- 

1 

— 

*Jetshapes,  Inc.,  Rockleigh  Industrial  Park,  Rockleigh,  NJ  07647 
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FIGURE  3  SCHEMATIC  DIAGRAM  OF  HOT-DIPPING  APPARATUS 
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chamber,  and  Che  crucible  CeaperaCure  ia  monitored  by  a  Pt/Pt-102  Rh 
thermocouple.  Superalloy  test  specimens  are  attached  to  a  vertical 
stainless  steel  push-rod  passing  through  a  Cajon  ultra-torr  fitting. 

Before  heating,  the  reaction  chamber  is  evacuated  (10~^  atm)  and  then 
flushed  with  oxygen-free  argon.  This  process  is  repeated  several  times  to 
ensure  the  elimination  of  oxygen  before  melting  the  coating  alloy.  The 
furnace  is  then  heated  under  flowing  argon  (10  cc/min)  to  the  required  dip- 
temperature.  Test  specimens  are  lowered  slowly  into  the  molten  alloy  and 
submerged,  typically  for  1  minute,  then  withdrawn. 

2.  Annealing 

The  second  step  of  the  coating  process  consists  of  annealing  the 
dipped  samples,  by  holding  them  above  the  melt  In  the  dipping  furnace.  The 
annealing  treatment  Improves  the  bond  between  the  coating  and  substrate  and 
reduces  the  cerium  content,  particularly  within  the  Inner  portion  of  the 
coating,  by  diffusing  cerium  into  the  substrate  so  that  subsequent  internal 
oxidation  of  cerium  leads  to  the  formation  of  dispersed  particles  of  cerium 
oxide-metal  composite.  The  outer  portion  of  the  coating  would  remain  rela¬ 
tively  rich  In  cerium  and,  upon  Internal  oxidation,  an  external  continuous 
cerium  oxide  layer  will  develop.  The  reduction  in  the  cerium  content 
causes  the  surface  layer  to  be  more  refractory  (have  a  higher  m.p.)  than 
the  original  coating  alloy. 


3.  Internal  Oxidation 

It  was  necessary  to  internally  oxidize  the  coated  substrates  at 
temperatures  low  enough  to  prevent  melting  of  the  coating  alloy  surface 
layer,  to  prevent  melting.  The  coated  samples  were  internally  oxidized  by 
heating  them  in  a  gas  mixture  of  12  CO-992  C02>  At  600*C,  the  temperature 
at  which  most  coated  alloys  received  the  initial  internal  oxidation  treat¬ 
ment,  this  gas  mixture  provided  an  equilibrium  oxygen  partial  pressure1 ^ 

of  *  2  x  10~21  atm.  The  dissociation  pressures  of  N10  and  CoO  at  the  same 

—20  —21 

temperature  were  *  7.2  x  10  atm  and  ■  2.5  x  10  *  atm,  respectively. 
Hence,  little  or  no  oxidation  of  N1  or  Co  in  the  coating  layer  or  within 
the  interaction  zone  was  expected. 


Test  samples  were  oxidized  at  600°C  in  CO/CO2  for  periods  up  to  70 
hours  to  oxidize  cerium  selectively  into  a  thin  external  layer  of  oxide  and 
a  composite  subscale  layer  that  contains  cerium  oxide  particles  and  the 
unoxidlzed  alloy.  This  treatment,  however,  appeared  insufficient  to  com¬ 
pletely  oxidize  metallic  cerium  in  a  relatively  short  time.  Thus,  further 
oxidation  at  800°C  was  required  to  ensure  complete  conversion  of  metallic 
cerium  into  cerium  oxide.  The  duration  of  this  second  oxidation  stage 
depends  on  the  thickness  of  the  Ce-rlch  layer  at  the  specimen  surface.  No 
melting  of  this  Ce-rlch  layer  was  expected  due  to  the  low  cerium  gradient 
produced  during  the  annealing  step  and  due  to  the  partial  removal  of  cerium 
during  the  oxidation  at  600 ®C  which  causes  the  remaining  alloy  to  be  more 
refractory. 


To  avoid  any  possible  oxidation  of  cobalt  or  nickel,  it  would  be 

—21 

preferable  to  oxidize  the  coated  samples  at  P0  lower  than  2  x  10  atm 


(equilibrium  for  CO/CO2 


1/99  at  600°C),  which  could  be  accomplished 
by  increasing  the  CO/CO 2  ratio.  However,  an  increase  in  this  ratio  results 
in  carbon  precipitation  according  to  the  Boudouard  reaction 


2  CO  *  C  +  C02 

The  oxygen  partial  pressure  maintained  during  the  first  stage  of 
internal  oxidation  (PQ  ~  2  x  10”^  atm,  CO/CO2  mixture  at  600°C),  or  that 
during  the  second  stage  of  internal  oxldaton  (PQ^  ~  4  x  10  atm,  CO/CO2 
mixture  at  800®C)  was  high  enough  to  selectively  oxidize  cerium  to  form  an 
external  scale  or  an  internal  subscale  depending  on  the  cerium  concentra¬ 
tion  at  the  alloy  surface.  Other  elements,  active  towards  oxygen,  will  not 
be  oxidized,  or  their  oxides,  if  formed,  will  be  reduced  by  cerium. 


4.  Recrystallization  Annealing 

An  oxide  recrystallization  treatment,  Step  4,  was  explored  to  con¬ 
vert  the  submicron  internal  oxide  particles  into  larger,  discontinuous 
oxide  particles.  The  formation  of  a  layer  containing  large  internal  oxide 
particles  within  the  inner  portion  of  the  subscale  may  produce  the 
"blocking  effect,”  l.e.,  reduce  the  inward  oxygen  flux  towards  the 
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u noxldized  substrate,  which  can  further  Improve  the  oxidation  resistance  of 
the  substrate. 

This  treatment  involved  annealing  oxidized  coated  samples  at 
temperatures  higher  than  the  Internal  oxidation  temperature,  typically  900 
to  1000 ®C  for  up  to  15  h  In  pure  argon.  At  these  temperatures,  a  dissolu¬ 
tion-precipitation  process,  similar  to  Ostwald-rlpening,  can  occur,  where 
some  large  particles  grow  at  the  expense  of  many  small  particles. 

C.  Evaluation  Techniques 

The  coating  microstructures  were  metallographically  examined  following 
each  of  the  four  coating  process  steps  .  Elemental  analysis  of  the  coating 
constituents  and  their  concentration  profiles  were  conducted  using  SEM  on 
sample  surfaces  and  on  cross  sections.  Identification  of  compounds  within 
the  coating  layers  on  selected  substrates  was  performed  using  x-ray  dif¬ 
fraction  analysis  along  planes  parallel  to  the  coating  surface  at  various 
depths  within  the  coating  layers. 

The  oxidation  behavior  of  coated  and  uncoated  samples  was  Investigated 
at  930°C  and  150-torr  oxygen  pressure  under  Isothermal  oxidation  condi¬ 
tions.  Oxidation  experiments  on  coated  coupons  were  conducted  with  a 
continuous-recording  Cahn  microbalance  system  to  measure  the  weight  change 
as  a  function  of  time  for  various  coating  compositions. 

Coated  coupons  were  weighed  and  measured  to  examine  the  coating 
adhesion  to  underlying  substrates,  then  placed  In  alumina  crucibles  and 
thermally  cycled  In  a  box  furnace.  Typical  cycling  conditions  were 
exposure  for  1  h  at  1000*C  in  air,  followed  by  cooling  In  air  for  about  20 
min.  The  coupons  were  then  brushed  lightly  to  remove  attached  spalled 
particles  and  rewelghed. 
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Ill  RESULTS 


A.  Hot  Dipping 

Table  3  shows  the  results  of  hot-dipping  the  four  alloy  substrates  In 
different  melt  compositions.  It  Is  Important  to  reduce  the  thickness  of 
both  the  outer  coating  layer  and  the  Interaction  zone  to  minimize  their 
effects  on  the  remaining  effective  cross  section  of  the  substrate  alloy. 
Interdiffusion  between  both  layers  and  the  substrate  during  the  second  step 
(annealing)  will  eliminate  the  boundary  between  the  two  layers  and  cause 
further  thickening  of  the  total  affected  zone. 

The  hot-dippfng  results  Indicate  that,  regardless  of  the  substrate 
alloy  composition,  the  averge  thickness  of  the  Interaction  zone  can  be 
reduced  by  dipping  the  substrates  in  the  coating  alloy  Ce-30Z  Nl.  However, 
the  thickness  of  the  Interaction  zone  Is  also  dependent  on  the  composition 
of  the  substrate  alloy,  assuming  a  fixed  dip  temperature  and  duration.  The 
cobalt-base  alloys  (MAR  M509  and  CoCrAlHf,  Figure  4),  show  lower  Inter¬ 
action  zone  thicknesses  than  the  Nl-base  alloys  (IN738  and  NiCrAlY,  Figure 
5),  Indicating  that  cerium  atoms  diffuse  slower  in  cobalt-base  alloys  than 
In  Nl-base  alloys.  No  independent  measurement  for  the  diffusion  of  cerium 
In  these  alloys  has  been  undertaken  and  no  data  were  available.  The  best 
dipped  layers  were  produced  by  coating  alloy  Ce-302  Nl  on  the  substrate 
MAR-M509  at  800  to  850 *C,  as  indicated  in  Table  3. 

B.  Annealing 

Table  4  shows  the  conditions  and  results  of  the  annealing  treatments 
on  all  four  alloy  substrates  dipped  in  the  coating  alloy  Ce-30Z  Nl. 
Substrates  coated  by  hot-dipping  into  alloys  1,  2,  4,  and  5  were  also 
annealed.  Annealing  these  coatings  extensively  thickened  the  diffusion 
zones  and  generated  large  pores  and  cracks,  which  led  to  extensive 
spallation. 
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Outer 
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Interaction 
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Substrate 


(a)  MAR-M509 


(b)  Co-25Cr-6AI-0.5Hf 

JP-350583-81 


FIGURE  4  CROSS  SECTIONS  OF  ALLOY  SUBSTRATES  AFTER  HOT-DIPPING 
IN  Ce-30%  Ni 
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Outer 

Coating 


(b)  Ni-25  Cr-8  AI-1  Y 

JP-2509-4 

FIGURE  5  CROSS  SECTIONS  AFTER  HOT-DIPPING  IN  Ce-30%  Ni 

(a)  Hot-dipped  at  850°C 

(b)  Hot-dipped  at  700°C 
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The  coacing  quality  after  the  annealing  treatment  is  evaluated  by  its 
thickness,  uniformity,  cohesion  and  adhesion  to  the  substrate  alloy. 
Optimization  of  processing  parameters  in  the  first  and  second  steps  (hot- 
dipping  and  annealing)  is  directed  towards  developing  a  uniform,  thin, 
adherent  coating  layer.  Table  4  indicates  that  the  cerium-rich  layer 
formed  on  the  alloy  IN738  is  adherent  and  uniform  (but  may  contain  a  few 
cracks),  and  is  relatively  thick.  Figure  6  shows  typical  cross  sections  of 
the  alloys  IN738  and  NiCrAlY  after  dipping  and  annealing.  Annealing  the 
hot-dipped  NiCrAlY  substrate  markedly  increased  the  interaction  zone 
thickness,  and  resulted  in  the  development  of  large  cracks  perpendicular  to 
the  interface. 

In  contrast,  for  the  cobalt-base  alloys,  annealing  markedly  improved 
the  integrity  of  the  coatings.  Under  the  same  annealing  conditions,  the 
overall  thickness  of  the  cerium-containing  layer  on  the  cobalt-base 
substrate  was  substantially  smaller  than  that  on  both  nickel-base 
substrates. 

In  situ  x-ray  diffraction  analysis  of  annealed  MAR-M509  coated  with 
Ce-30%  Ni  indicated  the  presence  of  metallic  cobalt,  metallic  nickel,  and 
the  lntermetalllc8  CeNi^  and  CeCo2  at  the  external  surface.  A  significant 
concentration  of  cobalt  at  the  substrate  surface  possibly  results  from 
outward  diffusion  from  the  substrate  across  the  Ce-rlch  zone.  Figure  7 
shows  the  concentration  profiles  of  Ce,  Co,  Ni  and  Cr  across  the  coating 
layer  on  the  alloy  MAR-M509  after  hot  dipping  in  Ce-30%  Ni  then  annealing 
at  900°C  for  15  h.  The  outer  portion  of  the  coating  layer  is  rich  in 
cerium,  and  the  cerium  concentration  drops  gradually  towards  the  alloy 
substrate.  Cobalt  has  an  opposite  concentration  gradient  to  cerium, 
however,  its  concentration  remains  relatively  high  at  the  gas/coatlng 
interface.  The  large  light  particles  in  the  middle  zone  of  the  coating 
layer  appear  to  contain  neither  cerium  nor  cobalt.  They  are  rich  in 
chromium  and  contain  only  a  small  quantity  of  nickel.  The  nickel 
concentrations  appear  to  be  constant  across  the  coating  and  almost  equal  to 
that  of  the  alloy  substrate  (*  10%).  The  inner  portion  of  the  coating, 
near  the  unaffected  substrate  is  rich  in  chromium,  whose  concentration 
drops  sharply  within  the  outer  portion  of  the  coating. 
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FIGURE  7  CONCENTRATION  PROFILES  SHOWING  THE  DISTRIBUTION  OF  Ce,  Co,  Cr  AND  Ni 
ACROSS  COATED  ALLOY  SUBSTRATE  MAR-M509  FOLLOWING  HOT-DIPPING  IN 
Ce-30%  Ni  AT  720°C  AND  ANNEALING  AT  900°C  FOR  15  HOURS 


Annealing  the  coated  CoCrAlHf  alloy  results  in  a  thicker  interaction 
zone  compared  with  MAR-M509,  probably  due  to  faster  inward  diffusion  of 
cerium  (Table  4).  The  major  feature  of  this  alloy  is  the  highly  irregular 
morphology  of  the  coating  surface  and  the  presence  of  numerous  chromium- 
rich  second  phase  particles  within  the  outer  portion  of  the  coating  layer, 
Figure  8. 

C.  Internal  Oxidation 

The  results  of  the  internal  oxidation  treatment  of  coated  substrates 
after  hot-dipping  and  annealing  are  presented  in  Table  5.  Optimizing  the 
processing  conditions  during  hot-dipping,  annealing,  and  internal  oxidation 
resulted  in  the  development  of  thin,  uniform  and  highly  adherent  duplex 
coatings  on  the  cobalt-baae  substrates,  particularly  MAR-M509.  The 
Improvement  of  coating  quality  on  these  substrates  seems  to  be  associated 
with  the  limited  coating/substrate  lnterdlffusion  and  the  absence  of 
mlcroatructural  defects,  such  as  porosity  and  microcracks • 

In  contrast,  optimizing  the  processing  conditions  for  coatings  on  both 
nickel-base  alloys  was  less  successful.  Extensive  coating/substrate  inter- 
diffusion  during  hot-dipping  and  annealing  leads  to  excessive  thickening  of 
the  cerium-rich  layer  at  the  substrate  surface  and  the  development  of 
porosity  and  extensive  cracking.  Further  internal  oxidation  allows  oxygen 
permeation  through  these  defects  across  the  coating  and  leads  to  the 
development  of  thick  and  nonprotective  oxide  scales. 

These  results,  as  summarized  in  Table  5,  clearly  indicate  that  the 
coatings  on  MAR-M509  had  the  greatest  integrity  and  that  this  alloy  coated 
with  Ce-30%  Ni  showed  the  best  promise  for  further  optimization.  There¬ 
fore,  this  system  was  chosen  as  a  model  for  a  more  intensive  study  of  the 
factors  affecting  coating  morphology,  composition  and  properties.  Details 
of  the  microstructures  of  Internally  oxidized  coatings  on  the  four 
superalloy  substrates  are  described  In  the  following  subsections. 
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i  FIGURE  8  CROSS  SECTION  OF  ALLOY  SUBSTRATE  Co-25  Cr-6  AI-0.5  Hf  AFTER 

HOT-DIPPING  AND  ANNEALING  AT  900°C  FOR  4  HOURS 
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1 .  MAR-M509 


The  oxide  layer  formed  on  MAR-M509  was  fairly  chin,  uniform, 
adherent  and  crack  free,  and  exhibited  the  duplex  configuration  of  an  outer 
continuous  oxide  above  an  inner-composite  subscale.  Figure  9  shows  the 
surface  morphologies  of  MAR-M509  coupons.  The  microstructure  of  the 
coating  on  the  substrate  MAR-M509  is  presented  in  Fig.  10.  A  thin, 
semicontlnuous  metallic  layer,  very  rich  in  nickel  and  cobalt,  forms  during 
the  Internal  oxidation  treatment  at  the  oxlde/gas  interface.  The  outer 
portion  of  the  subscale  layer  consists  of  an  oxide  matrix  (CeC^)  containing 
a  large  number  of  metallic  islands.  Near  the  coating  substrate  Interface, 
the  subscale  structure  consists  of  thin  fibrous  oxide  lamellae  embedded 
into  the  metallic  substrate. 

Figure  11  shows  the  concentration  profiles  of  different  elements 
across  the  oxide  layer  of  the  sample  shown  in  Fig.  10.  The  outer  metallic 
semicontlnuous  layer  is  composed  almost  exclusively  of  nickel  and  cobalt 
and  contains  small  concentrations  of  cerium  and  chromium.  The  continuous 
external  oxide  layer  (thermal  barrier)  was  very  rich  in  cerium  in  the  form 
of  Ce02>  however,  It  contained  high  concentrations  of  nickel  and  cobalt. 
Within  the  subscale  zone,  the  profiles  of  nickel  and  cobalt  were  almost 
identical  and  both  were  often  opposite  to  that  of  chromium.  Tungsten 
exists  mainly  in  the  discrete  second  phase  particles  in  the  substrate 
alloy. 

It  appears  that  the  outer  portion  of  the  subscale  layer  consists 
of  a  cerium  oxide  (CeC^)  matrix  that  contains  high  nickel  and  cobalt 
concentrations.  The  large  metallic  islands  embedded  in  this  oxide  matrix 
are  very  rich  in  chromium  and  almost  coincide  with  the  Cr-rlch  islands 
produced  by  annealing  (Fig.  7).  Identification  of  individual  phases  of  the 
fibrous  microstructure  within  the  inner  subscale  portion  near  the  substrate 
was  not  possible  because  of  the  fine  submicron  size  particles.  However, 
the  analysis  indicates  that  this  area  consists  of  cerium  oxide  embedded  in 
a  metallic  matrix  of  a  composition  similar  to  that  of  the  substrate. 

In  a  multicomponent  system,  where  only  one  component  can  oxidize, 
two  possible  conditions  exist: 
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FIGURE  9  SURFACE  MORPHOLOGIES  OF  THE  ALLOY  MAR-M509 

From  left  to  right:  Uncoated;  hot-dipped  in  Ce-30%  Ni 
at  800°C,  then  annealed  at  900°C  for  3  hours;  hot-dipped 
at  800*0  and  annealed  at  900°C  for  3  hours,  then 
internally  oxidized  at  588*C  for  45  hours  followed  by 
further  internal  oxidation  at  800°  C  for  24  hours. 


JP-2509-9 


FIGURE  11  CONCENTRATION  PROFILES  OF  Ce,  Ni,  Co,  Cr,  AND  W  ACROSS  COATED  MAR-M509 
SPECIMEN  SHOWN  IN  FIGURE  10 
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(1)  If  the  oxide  growth  rate  is  slow  (for  example  AI2O3  or 
CroOj),  then  a  concentration  gradient  of  remaining  metals 
will  be  established  in  the  alloy  substrate  ahead  of  the 
interface.  The  highest  concentrations  will  obviously  exist 
at  the  oxide/substrate  interface.  This  gradient  acts  as  a 
driving  force  for  back  diffusion  of  these  elements  into  the 
substrate  away  from  the  oxide.  The  oxide  in  this  case  will 
not  incorporate  the  unoxidlzed  metal  because  its  slow  growth 
rate  allows  ample  time  for  the  back  diffusion  of  these 
elements. 

(2)  If  the  oxide  growth  rate  is  fast  (for  example,  rare  earths), 
then  the  back  diffusion  of  the  unoxidlzed  elements  will  be 
overrun  by  the  rapid  inward  growth  of  the  interface.  Under 
this  condition,  the  growing  oxide  will  probably  incorporate 
fairly  high  levels  of  the  unoxidlzed  metals. 


The  latter  condition  appears  to  represent  the  pattern  followed 
during  the  Internal  oxidation  treatment  of  the  present  systems.  Because  of 
the  high  thermodynamic  stability  of  cerium  oxide,  no  other  oxide  (NiO,  CoO, 
and  C^Oj)  is  expected  to  form.  As  cerium  oxide  forms  an  external 
continuous  scale  during  the  Internal  oxidation  treatment,  the  Ingresslng 
oxide/alloy  Interface  will  Incorporate  other  metallic  constituents  whose 
oxides  would  not  form  because  of  the  low  oxygen  activity. 

The  nickel-  and  cobalt-rich  islands  at  the  gas/oxide  interface 
were  probably  formed  during  the  Initial  stages  of  oxidation.  This  is 
confirmed  by  the  minimal  change  in  their  thickness  after  exposure  for 
extended  periods.  The  presence  of  these  islands  is  possibly  a  result  of 
the  preferential  nucleatlon  and  growth  of  cerium  oxide  (Ce(>2)  as  discrete 
particles  during  the  very  early  stages  of  oxidation.  The  areas  between 
these  particles  will  be  poorer  in  cerium  and  richer  in  nickel  and  cobalt. 
Further  oxidation  will  lead  to  the  Inward  and  lateral  growth  of  cerium 
oxide  nuclei,  thus  undercutting  these  metallic  islands  from  the  alloy 
substrate. 

Semiquantitative  in- situ  x-ray  analysis  of  the  oxide  layer  formed 
by  internal  oxidation  was  conducted  along  planes  parallel  to  the  interface 
and  at  different  depths  from  the  external  surface.  At  the  outer  surface  of 
the  coated  sample,  the  concentrations  of  cobalt  and  nickel  were  estimated 
at  about  90  wtZ  with  the  remaining  portion  being  cerium  oxide  (Ce02>«  At  a 
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depth  of  30  pm  below  the  outer  surface  (middle  of  external  continuous  oxide 
layer).  The  analysis  indicates  that  the  Ce02  concentration  rise  to  about 
30  wtX.  while  nickel  and  cobalt  concentrations  drop  to  about  70  wtX.  At 
75  pm  depth  (outer  portions  of  the  subscale  layer),  the  Ce02  concenteration 
reaches  about  60  wtX .  The  remaining  portion  is  predominantly  nickel  and 
cobalt  and  a  slight  amount  of  chromium.  X-ray  analysis  of  a  section  at 
100  pm  depth  indicates  a  composition  similar  to  that  at  75  Mm  depth.  These 
results  are  in  fair  agreement  with  the  concentration  profiles  shown  in 
Figure  11. 

2.  CoCrAlHf 

The  microstructure  and  elemental  analysis  of  the  coating  formed  on 
the  alloy  CoCrAlHf  is  shown  in  Fig.  12.  The  overall  coating  thickness  was 
about  350  Mm.  The  major  difference  between  this  coating  and  that  formed  on 
the  similarly  treated  MAR-M509  alloy,  was  that  this  coating  had  no  external 
continuous  cerium  oxide  layer.  In  addition,  the  large  chromium-rich 
islands  appear  to  concentrate  in  the  outer  portion  of  the  coating, 
particularly  at  the  highly  irregular  gas/coatlng  interface.  In  general, 
this  coating  appears  to  be  less  promising  than  the  coating  on  MAR-M509, 
(Figure  10)  because: 

(1)  This  coating  is  one-third  thicker  than  that  in  MAR-M509. 

(2)  There  is  no  outer  continuous  cerium  oxide  layer  that  is 
useful  as  a  thermal  barrier. 

(3)  The  coating  is  less  adherent  than  on  MAR-M509. 

3.  Nickel-Base  Alloys 

Figure  13  shows  typical  cross  sections  of  the  coated  substrates 
IN738  and  NiCrAlY.  The  coatings  on  both  alloys  are  very  thick,  porous  and 
contain  large  cracks.  The  coatings  spalled  extensively  upon  cooling  both 
alloys  from  the  Internal  oxidation  temperature.  Changes  in  the  conditions 
of  hot-dipping,  annealing  and  internal  oxidation  treatments  did  not  produce 
any  significant  Improvement  in  the  coating  integrity.  Microstructural 
analysis  of  coated  substrates  indicated  the  absence  of  the  external  cerium 
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FIGURE  12  MICROSTRUCTURE  AND  ANALYSIS  OF  COATED  Co-25  Cr-6  AI-0.5  Hf 

Hot-dioped  in  Ce-30%  Ni  at  85CTC,  annealed  at  900  C  for  4  hours,  and 
intern  ,lly  oxidized  at  600  C  for  44  hours  followed  by  further  internal 
oxidation  at  800  C  for  28  hours. 
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(a)  IN-738 


(b)  Ni-25  Cr-8  AM  Y 

JP-2509-t 1 

FIGURE  13  CROSS  SECTIONS  OF  ALLOY  SUBSTRATES 

Hot-dipped  in  Ce-30  %  Ni  at  850°C,  annealed  at  900°C  for  4  hours, 
then  internally  oxidized  at  600°C  for  44  hours  followed  by  further 
internal  oxidation  at  8CXTC  for  28  hours. 


oxide  layer  at  Che  coating  surface.  Ce,  Cr,  and  Ni  exist  at  constant 
levels  across  the  coating.  No  further  analysis  was  performed  on  the 
alloys. 

Recrystallization  Annealing 

Figure  14  shows  the  aicrostructure  of  coated  MAR-M509  after  completing 
the  four-step  process.  The  sample  was  dipped  in  Ce-302!  Ni  at  750*0, 
annealed  for  15  h  at  900*0,  oxidized  in  CO/CO2  for  67  h  at  600*0  then  for 
20  h  at  800*0.  Finally,  it  was  annealed  in  pure  argon  for  5  h  at  950*0. 

The  overall  coating  thickness  was  ~  170  pm,  of  which  the  outer  continuous 
oxide  layer  is  ~  35  pm.  In  comparison  with  samples  that  did  not  receive  the 
crystallization  annealing  treatments,  (Fig,  10),  no  significant  differences 
in  the  coating  morphology  resulted  from  the  final  treatment.  The  large 
metallic  islands  in  the  middle  portion  of  the  coating  (outer  portion  of  the 
subscale)  in  the  recrystallized  sample  (Fig.  14)  were  produced  during  the 
long  vacuum  annealing  (15  h)  before  internal  oxidation. 

Figure  15  shows  the  concentration  profiles  of  different  elements 
across  the  coating  in  MAR-M509  sample  that  received  the  complete  four-step 
treatment.  The  outer  continuous  oxide  layer  contains  the  highest 
concentration  of  cerium,  which  drops  gradually  across  the  subscale  layer 
towards  the  substrate.  The  large  metallic  islands  within  the  subscale  zone 
are  very  rich  in  chromium  but  contain  very  little  cerium,  cobalt,  and 
nickel. 

Unlike  the  profiles  for  the  nonrecrystalllzed  sample  shown  in  Fig.  11, 
where  cobalt  and  nickel  concentrations  are  almost  constant  across  the 
external  continuous  oxide  layer,  the  concentrations  of  both  elements  appear 
to  drop  towards  the  subscale.  On  the  other  hand,  the  chromium  concentra¬ 
tion  seems  to  rise  steeply  in  the  opposite  direction,  and  remains  at  a  high 
level,  within  the  subscale  zone.  As  with  the  nonrecrystalllzed  coating 
(Fig.  11),  the  external  surface  of  the  coating  on  the  recrystallized  sample 
(Figure  14)  is  covered  with  a  Ni/Co  metallic  layer.  In-sltu  x-ray  diffrac¬ 
tion  analysis  of  the  sample  shown  in  Fig.  15  Indicates  that  the  composition 
of  the  outer  surface  (gas/coating  interface)  is  about  80-85  wtZ  cobalt  and 
nickel,  10-15  wt%  Ce20-j  and  the  remaining  phase  (  ~  5Z)  conforms  to  the 


34 


JP-2509-12 

FIGURE  14  CROSS  SECTION  OF  COATED  MAR-M509 

Hot -dipped  in  Ce-30%  Ni  at  750°C,  annealed  at  900°C  for  15  hours, 
then  internally  oxidized  at  600°C  for  67  hours  followed  by  further 
internal  oxidation  at  800°C  for  20  hours,  and  final  recrystallization 
annealing  for  5  hours  at  950°C. 
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FIGURE  15  CONCENTRATION  PROFILES  OF  Ce,  Ni,  Co,  Cr,  La,  AND  W  ACROSS  COATED  MAR-M509 
SPECIMEN  (SHOWN  IN  FIGURE  14)  AFTER  RECEIVING  FINAL  RECRYSTALLIZATION 
ANNEALING 


cubic  compound  LagWOj^ »  where  La  is  a  major  impurity  in  the  cerium  mish- 
metal  used  in  the  original  coating  alloy.  Interestingly,  the  higher  cerium 
oxide  (Ce02)  was  not  present  within  the  coating  across  the  entire  cross 
section  of  the  coating. 

At  a  depth  of  IS  pm  within  the  external  continuous  oxide  layer  the 
concentration  of  both  nickel  and  cobalt  remains  as  high  as  70  wtZ.  Ce2C>3 
was  estimated  to  be  about  10-15  vtZ  and  the  cubic  LagWO^  phase  amounts  to 
5-10  wtX.  At  this  depth,  a  new  phase  (about  10  wtZ)  conforms  to  the 
orthorhombic  double  oxide  O.SCLajO^.C^O^).  Because  of  the  similarity  of 
the  atomic  diameters  of  La  (1.88  A)  and  Ce  (1.82  A),  it  is  possible  that 
lanthanum  atoms  are  partially  substituted  by  cerium  atoms  in  the  lattice  to 
form  mixed  oxides  0.5  (Ce2^3~*‘a2^3*^r2^3)  and  (La,Ce)gW0^2*  A  further 
reason  for  this  substitution  is  the  abundance  of  cerium  relative  to 
lanthanum,  which  mainly  exists  as  an  impurity  in  the  cerium  mish  metal. 

The  x-ray  pattern  of  a  section  at  60  pm  below  the  coating  surface  showed 
that  the  mixed  oxide  phase  0.5(1x203.0^03}  or  0 . 5 ( Ce203-La203 . Cr203 ) 
amounts  to  45  wtX,  metallic  nickel  and  cobalt  amount  to  about  40X,  La^W0^2 
or  (La,Ce)^N0^2  amounts  to  ~  10  wtZ,  and  Ce203  amounts  only  to  ~  5  wtX. 

The  very  broad  x-ray  peaks  in  Ce203  in  the  deeper  section  suggest  that  its 
grain  size  la  extremely  small. 

The  most  Important  result  of  this  analysis  is  the  complete  absence  of 
Ce02  in  the  coating  on  the  recrystallized  sample.  It  appears  that 
recrystallization  annealing  in  oxygen  free  argon  at  high  temperature 
reduces  Ce02  to  Ce203  according  to  the  reaction: 

2Ce02  ♦  Ce203  +  1/2  02  (3.1) 


At  equilibrium,  the  oxygen  partial  pressure  for  this  reaction  is  about 
3.3  x  10~19  atm.  The  oxygen  partial  pressure  under  the  recrystalllzaton 
annealing  condition  appears  to  fall  below  this  value,  thus  forcing  the 
reduction  reaction  of  Ce02*  CeC>2  is  known  to  be  easily  reducible  to  Ce2<)3 
at  low  oxygen  pressure.*1  Further  solid  state  reactions  are  expected  to 
take  place  during  this  treatment  that  can  lead  to  the  formation  of  the 


mixed  oxides,  LagWOj^*  (La.CeJgWOj^  and  0.5  (1*8203.0^03)  or  0.5  (CeO 3- 
^**2®  3  *  ®  r2®3  )  * 

It  Is  highly  unlikely  from  a  thermodynamic  standpoint  that  further 
reduction  of  the  sesquoxlde  to  metallic  cerium  can  occur: 

Ce203  -  2Ce  +  3/202  (3.2) 

At  900®C  (  recrystallization  temperature),  the  equilibrium  Pq^  for 
this  reaction  is  about  2.45  x  10“^  atm,  which  is  unattainable  under  these 
experimental  conditions. 

E.  Evaluation 

Figure  16  shows  an  isothermal  weight  gain  versus  time  plot  for 
uncoated  and  coated  MAR-M509  samples  oxidized  in  oxygen  (Pq^  ■  150  torr) 
at  936 °C  monitored  with  a  continuous  recording  microbalance.  The  uncoated 
sample  (curve  1)  showed  a  very  short  transient  stage,  of  about  10  min, 
followed  by  parabolic  growth  with  a  rate  constant  of  a  4.2  x  10  “ 
gm2/cm*  sec,  that  is  in  fair  agreement  with  the  reported  value  of  kp  for 

Cr2°3  (  ~  10"12  gm2/crn*  sec).1®  The  scale  is  exclusively  0^03  and  highly 
adherent  during  exposure  but  partially  spalls  during  cooling.  Curve  2 
shows  the  kinetic  behavior  of  a  coated  MAR-M509  sample.  The  coating  con¬ 
ditions  include  hot-dipping  in  Ce-30%  Ni  at  720“C,  annealing  for  15  h  at 
900°C,-  then  internal  oxidation  in  a  CO/CO2  mixture  for  45  h  at  600®C.  This 
is  followed  by  further  internal  oxidation  in  CO/CO2  for  25  h  at  800°C,  but 
received  no  recrystallization  annealing  treatment.  The  transient  stage  of 
all  coated  samples  averages  between  2  to  3  h,  followed  by  a  parabolic 
growth. 

The  parabolic  rate  constant  for  the  oxidation  of  the  coated  sample 
shown  in  curve  2  is  about  5  x  10“9  gm2/cm^  sec,  almost  three  orders  of 
magnitude  higher  than  that  of  the  uncoated  alloy  shown  in  curve  1  (  ~  4.2  x 
10"12  gm2/cm*  sec).  The  value  of  the  parabolic  rate  constant  for  curve  2 
(5  x  10"9  gm2  cm4  sec)  approximates  an  intermediate  value  between  kp  for 
cobalt  oxide  (9.2  x  10”®  gm2/cm^  sec)  and  kp  for  nickel  oxide  (2.3  x  10”1® 
gm2/cm*  sec).1® 


(Aoj/A)2  (mg/cm2) 


TIME  (hrs) 

JA-2509-2 


FIGURE  16  ISOTHERMAL  WEIGHT  GAIN  VERSUS  TIME  PLOT  FOR  UNCOATED 
(CURVE  1)  AND  COATED  (CURVE  2)  MAR-M509;  CURVE  3  AND  4 
CORRESPOND  TO  SAMPLES  THAT  RECEIVED  FINAL 
RECRYSTALLIZATION  ANNEALING 


The  relatively  close  match  of  kp  for  the  oxidation  of  the  coated  alloy 
shown  in  curve  2  (Fig.  16)  and  those  for  the  oxidation  of  nickel  and  cobalt 
suggests  that  the  increase  in  the  oxidation  rate  of  the  coated  over  the 
uncoated  alloy  is  caused  by  the  oxidation  of  nickel  and  cobalt  at  the 
external  surface  and  within  the  coating  layer.  The  formation  of  these  fast 
growing  oxides  can  eventually  disrupt  the  Ce02  layer  and  can  cause  coating 
breakaway  and  spallation.  This  was  confirmed  by  a  moderate  loss  of  coating 
adhesion,  particularly  near  sample  corner  and  edges  during  cooling  from 
the  oxidation  temperature. 

The  isothermal  weight  gain  data  of  the  oxidation  of  coated  MAR-M509 
that  received  recrystallization  annealing  treatment  is  shown  in  curves  3 
and  4  in  Fig.  16.  The  oxidation  rates,  although  slower  than  that  of  the 
nonrecrystalllzed  sample  (curve  2),  are  much  faster  than  that  of  the 
uncoated  alloy,  which  forms  protective  during  exposure.  Like  the 

nonrecrystalllzed  sample,  the  parabolic  rate  constants  of  the  recrystal¬ 
lized  samples  are  compatible  with  the  oxidation  of  pure  nickel  and  pure 
cobalt . 

Preliminary  evaluation  of  the  spallation  resistance  of  coated  MAR-M509 
was  conducted  by  thermal  cycling  the  samples  at  1 000 “C  (1  h  hot,  20  min 
cold  at  room  temperature).  The  cyclic  oxidation  results  of  coated  and 
uncoated  samples  are  shown  in  Fig  17.  As  expected,  the  fast  oxidation  of 
metallic  nickel  and  cobalt  above  and  within  the  coating  leads  to  signifi¬ 
cant  loss  of  adhesion  and  coating  spallation.  Spallation  usually  occurs  at 
sample  corners  and  edges  where  thermal  stresses  are  perpendicular  to  the 
coating  surface.  The  slight  weight  loss  of  the  uncoated  samples  was  due  to 
the  slow  growth  of  layer,  which  readily  spalls  during  cooling  but 

regrows  within  the  following  exposure,  again  as  a  very  thin  layer. 
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NUMBER  OF  CYCLES 

JA-2509-3 

FIGURE  17  RESULTS  OF  PRELIMINARY  EVALUATION  OF  SPALLATION 
RESISTANCE  OF  COATED  AND  UNCOATED  MAR-M509 
UNDER  THERMAL  CYCLING  CONDITIONS 


IV  GENERAL  DISCUSSION 


The  present  work  has  established  the  possibility  of  applying  a  duplex 
Ce02-based  coating  on  cobalt-base  superalloys.  The  data  presented  so  far 
show  that  the  most  promising  coating  was  produced  on  the  alloy  MA&-H509. 
However,  the  results  of  preliminary  evaluation  of  the  coated  alloys  indi¬ 
cate  that  unacceptable  oxidation  rates  result  from  the  oxidation  of 
metallic  cobalt  and  nickel  at  the  outer  coating  surface  and  within  the 
coating  layers.  The  volume  ratio  ?  (volume  of  oxide/atomic  volume  of 
metal)  of  NiO  and  CoO  are  1.65  and  1.86,*®  respectively.  This  will 
generate  stresses  within  the  oxide  layer  which  can  lead  to  breakaway , and 
spallation. 

It  is  important  to  emphasize  that  the  final  recrystalllzatlon  treat¬ 
ment  has  not  beneficially  modified  the  coating  microstructure  or  Improved 
the  coating  quality  as  was  originally  expected.  This  treatment  reduced  the 
higher  oxide  Ce02,  which  was  useful  as  a  thermal  barrier,  to  the  less 
stable  sesquloxlde  Ce203  which  tends  to  oxidize  even  at  low  temperature. 
Consequently  the  final  recrystallization  annealing  treatment  must  be 
eliminated  and  the  processing  conditions  will  be  limited  to  three  steps; 
hot-dipping,  annealing,  and  internal  oxidation. 

Based  on  the  above  results,  the  following  model  for  Internal  oxidation 
is  proposed: 

Initially,  the  major  elements  that  are  present  at  the  unoxldized  sur¬ 
face  of  hot-dipped  and  annealed  samples  are  Nl,  Co,  Ce,  Cr,  and  the  inter- 
metallic  CeCo2  and  CeNi^.  Cr  exists  only  in  very  small  concentrations  as 
shown  in  Fig.  7.  Upon  Initial  exposure  during  the  Internal  oxidation, 
chromium  tends  to  form  discrete  Cr203  particles  rather  than  continuous 
scale.  Cerium,  which  is  abundant  at  the  surface  will  be  practically  the 
only  element  to  oxidize  ln-situ  under  the  low  condition  into  Ce02 
nuclei  separated  by  nickel-  and  cobalt-rich  areas.  Once  the  Ce02  nuclei 
start  to  grow,  the  Nl/Co  rich  areas  will  expand  laterally  because  the 
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cerium  contained  In  them  and  In  the  lntermetallics  CeCo^  and  CeNl^  will  be 
removed. 

Further  exposure  will  lead  to  the  inward  diffusion  of  oxygen  across 
the  nucleated  Ce02  particles  as  well  as  through  the  unoxldlzed  islands  of 
nickel  and  cobalt  at  the  surface.  Oxygen  will  dissolve  in  the  metal  ahead 
of  the  interface  where  the  cerium  concentration  is  still  high,  leading  to 
both  inward  and  lateral  growth  of  the  CeC^.  The  rate  of  Ce02  growth  is 
probably  fast  enough  for  the  unoxidized  metals  in  this  outer  vicinity, 
mainly  cobalt  and  nickel,  to  be  incorporated  by  the  growing  oxide  rather 
than  to  back-diffuse  into  the  unoxldlzed  alloy  ahead  of  the  interface. 

Further  growth  of  Ce02  will  lead  to  the  formation  of  a  continuous 
external  scale  and  Isolate  relatively  large  islands  of  Ni  and  Co  at  the 
original  surface,  while  the  inwardly  growing  Ce02  itself  Incorporates  high 
proportions  of  both  metals. 

Once  a  continuous  Ce02  layer  has  formed,  the  oxygen  activity  ahead  of 
the  interface  drops  below  the  dissociation  pressures  of  C^C^: 

*  2Cr  3/202  ^>2(600*0)  “  ^  x  10  ^  atm  (4.1) 

Therefore  chromium,  mainly  present  in  the  large  randomly  distributed 
islands  in  the  middle  portion  of  the  coating  layer,  will  remain  in  the 
metallic  form.  However,  the  oxygen  pressure  remains  higher  than  the  value 
necessary  to  oxidize  metallic  cerium: 

Ce  +  02  ■  Ce02  P02(600#C)  "  10  54  ato  (4*2) 

This  pattern  will  continue  during  exposure  across  the  rich  cerium  layer 
until  the  lngresslng  oxlde/metal  interface  reaches  the  inner  portion  of  the 
cerium-rich  matrix  that  is  relatively  depleted  in  cerium. 

Within  the  cerium  depleted  region,  adjacent  to  the  unaffected  sub¬ 
strate,  Internal  oxidation  of  cerium  will  predominate.  The  mechanlsm(s)  of 
Internal  oxidation  in  this  region  will  determine  the  morphology  of  the 
Internal  oxide  particles  and  their  distribution.  Three  different  mech¬ 
anisms  are  possible: 
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(1)  Ac  equilibrium,  the  concentrations  of  the  reacting  species 
(cerium  and  dissolved  oxygen)  into  the  substrate  immediately 
ahead  of  the  interface  are  very  high  so  that: 

C°Ce  x  C°0<,  »  K  CeO,  (4.3) 

z  sp  i 

where  C°Ce  *  concentration  of  metallic  cerium 
CO2  *  concentration  of  dissolved  oxygen 
KapCe02  *  solubility  product  of  Ce02  into  the  substrate. 

Under  this  condition,  spontaneous  nueleation  of  discrete 
Ce02  spherical  particles  into  the  substrate  matrix  occurs. 

The  driving  force  for  the  nueleation  of  these  spherical 
particles  is  surface  energy  minimization. 

(2)  The  concentrations  of  the  reacting  species  are  very  low  so 
that: 

C°Ce  x  C°0,  «  R  CeO*  (4.4) 

i  Sp  < 

Thus  no  Ce<>2  particles  will  nucleate  Oxide  growth  in  this 
case  will  proceed  by  an  Interfacial  reaction  between  the 
outwardly  diffusing  cerium  and  oxygen  diffusing  Inwardly 
across  the  scale. 

3)  The  concentrations  of  the  reacting  species  are  moderate  so 
that: 

C°Ce  x°CO,  >  K  CeO,  (4.5) 

sp  +• 

Thus,  limited  spontaneous  nueleation  of  Ce02  particles  will 
occur  and  minimum  surface  energy  will  be  attained  by  the 
growth  of  the  already  existing  particles  rather  than  the 
nueleation  of  new  particles. 

During  Internal  oxidation,  of  the  Ce02  depleted  zone,  condition  (3) 
becomes  operative  and  will  lead  to  the  deeper  growth  of  Ce02  particles  in 
the  form  of  platelets  or  rod- like  structures  and  will  result  in  a  fibrous 
oxide/metal  configuration  near  the  unaffected  substrate  (Fig.  10). 

Finally,  it  is  evident  that  the  success  of  this  coating  as  a  thermal 
barrier  largely  depends  on  the  elimination  of  metallic  nickel  and  cobalt 
from  the  outer  continuous  CeOj  layer.  We  propose  two  approaches  to  achieve 
this  purpose: 

(1)  Introduce  chromium  and  aluminum  into  the  original  coating 
melt  (Ce-Ni)  to  slow  the  oxidation  rate.  The  presence  of 
both  elements  in  relatively  small  concentration  (5-10  wtZ) 
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will  not  lead  Co  formation  of  continuous  scale,  but  aluminum 
may  oxidize  internally,  and  cerium  will  oxidize  as  a  contin¬ 
uous  scale  because  of  its  high  concentration.  This  will 
slow  down  the  oxidation  rate,  which  should  allow  the  back 
diffusion  of  Ni  and  Co  into  the  unoxidized  alloy  ahead  of 
the  Interface. 

(2)  After  hot-dipping  and  annealing,  the  samples  will  be 
redlpped  into  pure  cerium  metal  to  enrich  the  surface. 
Moderate  annealing  conditions  (low  annealing  temperature  for 
shorter  duration)  must  be  used  to  reduce  the  outward 
diffusion  of  cobalt  from  the  substrate  toward  the  coating 
surface. 
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V  FUTURE  WORK 


Based  on  this  year's  results  we  plan  the  following  work  for  the  next 

year's  program: 

1.  Eliminate  the  Incorporation  of  nickel  and  cobalt  Into  the  thermal 
barrier  layer.  Improved  performance  requires  that  the  external  ceramic 
layer  should  be  exclusively  of  cerium  dioxide  (Cet^)  that  contains  no 
metallic  constituents.  To  achieve  this  goal,  we  will  introduce 
chromium  and  aluminum  into  the  original  coating  melt  in  concentrations 
lower  than  those  required  to  form  their  oxides  as  external  scales 
during  subsequent  Internal  oxidation.  Alumina  (AI2O3)  would  be  more 
stable  than  cerium  oxide  (CeC^)  under  the  conditions  of  lnernal  oxida¬ 
tion.  If  the  volume  fraction  of  aluminum  in  the  cerium-rich  surface 
zone  is  below  the  value  necessary  for  transition  to  external  oxidation, 
then  internal  alumina  particles  should  form  as  a  subscale  ahead  of  the 
CeC^/alloy  interface.  These  particles  should  reduce  the  cross  section 
through  which  inward  diffusion  of  oxygen  occurs  (blocking  effect). 

This  is  expected  to  slow  down  the  growth  rate  of  the  continuous  Ce02 
scale,  and  thus  allow  enough  time  for  the  back  diffusion  of  nickel  and 
cobalt  that  are  accumulated  in  the  metal  side  of  the  interface,  towards 
the  substrate.  The  effect  of  this  treatment  on  the  oxidation 
resistance  of  the  coated  alloys  will  be  investigated. 

2.  Study  the  mechanism  of  internal  oxidation  and  determine  the  effects  of 
temperature  and  oxygen  pressure  on  the  oxide  microstructure. 

3.  Determine  the  (resistance  of  dip-coated  superalloys  to  hot  corrosion  by 
molten  sulfates,  primarily  Na2S0^  and  Na2S0^/NaCl  mixtures. 

4  Evaluate  the  hot  strength  of  dip-coated  alloys  using  short-time  tensile 
tests  at  high  temperatures. 

5.  If  time  and  funds  permit,  we  plan  to  investigate  the  thermal  properties 
of  Ce02  layers. 
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